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The intercepts in Fig. 7a vs. the corresponding [0 2 (alAg)A 28 8 Emission spectrum from reaction of a mixture of 0 2 (a) and because high concentrations can be conveniently generated by chemical means.ORef. 1).,
The iodine-oxygen chemical lase r ( Rf.2is evidence for the possible utility of singlet oxygen, if a good E-V transfer system could be discovered. Interest in reactions of singlet 02 was initially aroused in this laboratory by the accidental observation of infrared emission from HF, HCl and HBr during a studyjRef. 3) of the reaction of 0 atoms with HI. .Tis i-terest-was-augmented by a collaboration 1-w4*-Pro-e §d1tosenwaks, S-Gurion liverstity, who was s$udying the 02/I system is always present because of the bimolecular energy pooling reaction of 0 2 (a), and since the rate of 0 2 (b) reactions are faster than those of 0 2 (a), it was necessary to isolate the quenching reactions of these two species in order to characterize the E-V transfer processes at the state-to-state level. The decay of both 
a Fourier transform spectrometer using standard techniques developed in the Kansas State University (KSU) laboratory (Refs. 3,6 ). The goal of measuring rate constants -3--" ! and product distributions was achieved for reaction (1). However, for reaction (2) , only the HF reaction could be studied at the state-to-state level because the quenching rates were so slow. In addition to the state-to-state studies of reactions (1) and (2), some work was done to measure the total quenching rate constants for 0 2 (a) and 0 2 (b) for several molecules other than the hydrogen halides.
The quenching rate constants for 0 2 (aIA ) are small, and electronic-to-vibrational energy transfer is not a facile process. The singlet oxygen source in this experiment was usually a microwave discharge, although a chemical generator was available. The principal problem associated with use of a chemical generator in this work was the large, but uncertain, concentration of H 2 0, which has large rate constants for vibrational relaxation of the product states from (1) and (2) . After reviewing some of the more relevant published work, the KSU measurements are described.
Wayne Becker and coworkers (Ref. 9) studied the quenching rate constants for both 0 2 (b) and 0 2 (a) using a stainless-steel sphere (2.2 x lO 5 litres) and measuring the decay of 0 2 (b) and 0 2 (a) concentrations with time for a particular concentration of reagent. The most comprehensive study of E-V transfer is that of Thomas and Thrush (Ref. 10), who measured the quenching of 0 2 (a) and 0 2 (b) and also the product infrared emission from a 10-liter integrating sphere. The spirit of that work closely resembles our own; however, the degree of vibrational relaxation is more easily monitored in a flow reactor than in an integrating sphere. Ogryzlo The quenching of 0 2 (b) also can be studied in real time by using lasers (Refs. [14] [15] [16] to pump molecules from 0 2 (X 3 g) to 0 2 (blzg), photolysis of 02 using a VUV and 0 (Fig. 1 ).
The initial product distributions measurements for reactions (1) and (2) The pressure in the reaction zone was monitored with a MKS Baratron pressure transducer (0-10 torr). For some experiments the flow reactor was connected to a 70-mm inner diameter (i.d.) prereactor 100 cm long, as shown in I of Fig. 1 .
The singlet molecular oxygen was produced by a microwave discharge in a 12-mmi.d. Pyrex tube, which was connected either to the prereactor or directly to the flow reactor itself as In Fig. 1 (III). The 02 flow was passed over Hg heated to
ZO50C
Tests showed no appreciable 0 atom concentration in the discharged 02 flow in the reaction zone. A chemical generator for singlet oxygen also was available, and some experiments were done In which the chemical generator replaced the microwave discharge source. The design for our chemical generator is the same as that given in Reference 5. Experiments with the chemical generator are not discussed in this report. The prereactor configuration was intended for study were taken from tanks of standard commercial purity and purified by flowing the gases through two molecular sieve-filled traps at 195*C at 1 atm pressure, followed by a molecular sieve trap for Ar at 77 K, and a glass-bead-filled trap at 77 K for 02. The flowmeters for 02 and Ar were calibrated for a particular backing pressure, which was subsequently maintained for all experiments. The flow meters were calibrated for a range of gas flows by monitoring the pressure rise in a 12.8-liter vessel for a given time period for a certain flow setting. The increase of pressure with.time was linear, and the slope, combined with the gas law, generated -10-an empirical calibration curve for each flow meter. These original calibration curves were repeatedly verified by simply measuring the increase of pressure in the calibration vessel for a definite time for a given flow setting.
Most reagent flow rates were measured for each experiment by monitoring the increase of pressure in a 5-liter calibrated volume for a given needle valve setting.
Two exceptions to this were HF and CO 2 . Since large quantities of these reagents were required, these gases were taken directly from Matheson tanks and each line had its own flow monitor system. The CO 2 flow line had a floating ball-type flow meter, which was calibrated in the same way as described for the 02 and Ar flow meters. The HF cylinder was cooled to 00 to reduce the vapor pressure to 320 torr, so that the flow rate was in the desired range for the needle valve that was placed in the line. The HF flow rates were measured by observing the pressure rise in a 10.8-liter stainless steel reservoir using a MKS Baratron pressure transducer (0-10 torr). The HF was transferred to the flow reactor using entirely stainless steel lines and valves.
Most of the other reagents were taken from Matheson lecture bottles. Since either high concentrations or long signal averaging periods were required, large quantities of reagent gases were needed. Therefore, extensive purification procedures were not practical, except for freeze/thaw-pump cycles to remove volatile impurities. Care was taken to remove Br 2 and 12 impurity from HBr and HI. The reagents were stored as gases in 10-liter Pyrex reservoirs prior to experiments.
Since rate constants generally are small for all small stable molecules, minor impurities should be of no consequence. The distance was varied and the longer distance was used for reagents with the smaller rate constants. The decay of [0 2 (b)] followed first-order kinetics for %60% decrease in [0 2 (b)] for most reagents. The extent of first-order decay is governed by the tendency to establish a new steady-state [0 2 (b) ]. First, the rate constants were measured for several reagents previously studied and the results were in moderately good agreement with the published rate constants. Therefore, the measurements were extended to reagents of interest to the KSU work. The results of this report are considered as preliminary and reliable to within a factor of %2. Soon these reactions will be reinvestigated using a movable detector technique to identify any concentration dependent wall deactivation rate processes and to better characterize the decay before the development of the new steady-state.
The rate constants measured in the present work, and other reported values are given in Table 1 . One objective, which was not realized, was to find a reagent that had a large rate constant for quenching 0 2 (b) but not for 0 2 (a). Such a reagent would permit the 0 2 (b)/0 2 (a) ratio to be reduced using a prereactor so that reaction (2) could be isolated. The current best choice for such a reagent seems to be C0 2 ; but the 0 2 (b) quenching is still slow enough so that rather large quantities of CO 2 are required and significant vibrational relaxation of product molecules from reaction (2) may occur for some reagents. These studies were done without the prereactor, and the singlet oxygen was added directly to the 4.0-cm-diameter flow reactor, Figure 1 This suggests that formation of HX(v-O) probably is not an important product channel for reaction (1).
Reaction with HF
Since HF has the largest Einstein coefficient and the largest quenching rate 
Reaction with HBr
The 0 2 (b) quenc4iing rate constant by HBr is -1 x 10 1 3 cm 3 molec " sec " , which is about 3 times higher than for HCl. Since the Einstein coefficient for
HBr is about 5 times smaller than that of HCI, the HBr spectra from the HBr reaction had about the same intensity as that from HCI (Fig. 3) . We used a pumping 
Reaction with HCN
The emission spectrum from the reaction of 0 2 (b) with HCN is shown in Fig. 3 . 
Reaction with CO 2
Since the CO 2 rate constant is large, 3 x 10-13 cm 3 molec-1 sec-1 , and the Einstein coefficient is favorable, the interferometer was purged with N 2 in order to reduce the absorption by atmospheric CO 2 , and an attempt was made to record the CO 2 IR emission. Emission from C0 2 (001-000) could be observed easily, but, the atmospheric absorption of the C0 2 (001-000) band could not be totally removed.
Thus, the spectrum was very distorted with the emission from the CO 2 levels with high Boltzmann populations being absorbed. The observed C0 2 (OOl-O00) spectra As for HCN, enough energy exists to produce simultaneous excitation of several other levels and C0 2 (041; 121; 201 and 002) are all close to resonance. However, no emission from these levels could be observed. Inspection of vibrational relaxation data for C0 2 (021) and C0 2 (ll) by CO 2 and 02 suggests that the relaxation times would be < 1 ms. Thus, relaxation probably is serious, and C0 2 (021) and C0 2 (ll) or the energy resonant levels cannot be excluded as initial product states.
The C0 2 (002) state may relax very rapidly. Nevertheless, if only the energy resonent levels were initial products, it seems that some emission should have been observed from those levels. Since this was not the case, the energy may be distributed among several levels which relax to C0 2 (OO1). 0., Fig. 5 . Quenching plots for 0 2 (a 9 or CF 3 NO. However, nonlinear plots were found for HCl, HBr, and H 2 S, which suggest the development of fast rates for wall quenching. No difficulties were encountered for HF, which is the most interesting molecule for E-V transfer studies with 0 2 (a).
In order to study the acidic molecules, it was necessary to coat the walls of the flow reactor with fluorocarbon wax. After this treatment good first order plots were obtained for the acidic molecules and there were no changes for the other reagents. A summary of rate constants is given in Table 2 . The quoted error limits include estimates of systematic error as well as statistical uncertainty.
The most unusual aspect of Table 2 is the very large quenching rate constant for CF 3 NO. This was checked repeatedly and verified. Since CF 3 1 and other similar molecules have small rate constants, the quenching mechanism must be specific for CF 3 NO. One possibility is E-E transfer rather than E-V transfer. This possibility was confirmed by observing an increase in emission intensity with the intrinsic germanium detector (without the filter) when CF 3 NO was added to the flow.
Based upon the relative HF and HCl emission intensities, the smaller HCI quenching rate constant found in this work Is preferred over that of Reference 12d. Nevertheless, surface interactions may render both measurements somewhat unreliable.
In general the small quenching rate constants for HCl, HBr and HCN are consistent with the absence of any emission from quenching of 0 2 (a).
E-V TRANSFER FROM 0 (aIa ) TO HF
In a previous section, the E-V transfer from 0 2 (b) to HF was characterized by using an experimental arrangement that maximized the 0 2 (b)/0 2 (a) ratio. Now we wish to reverse this situation and minimize 0 2 (b)/O 2 (a) but still have a high The HF quenching rate constants are 1.1 x 1012 and 1.5x 10 1 6 cm 3 We first demonstrated the first-order dependence of the HF(1-O) emission intensity upon (HF] for the prereactor geometry. The HF(2-1) emission intensity, although observable, was too weak to be important for these kinetic studies.
Some typical results are shown in Figure 6 for both high (80 ms "1 ) and low 
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02 Ag ]X~14 molecules c Ii3 (b) ] by a factor of 2.
As a final point, one needs to know the HF(v) distribution from reaction In the present work, we isolated and observed the E-V transfer reactions of 0 2 (b) with HF, HCI, HBr and HCN at the state-to-state level. Based upon the observed product states, we conclude that the quenching of 0 2 (b) gives 0 2 (a) and not 0 2 (X) in each case. As inferred by other workers (Ref. 19) , this difference
In final product state is probably the main reason that the quenching of 0 2 (b) p is faster than 0 2 (a) for simple E-V physical quenching. These state-to-state data do not necessarily support an energy resonance mechanism for E-V quenching of In the present apparatus, only the quenching of 0 2 (a) by HF could be observed at the state-to-state level. Attempts to observe the reaction of 0 2 (a) with HCl by adding CO 2 to the prereactor to reduce [0 2 (b)] gave no obvious emission that could be attributed to the 0 2 (a) reaction. The quenching of 0 2 (a) by HF does appear to proceed by an E-V mechanism. The data, which are not completely free of vibrational relaxation, suggest that both HF(1) and HF(2) are products.
Future work to identify product states from E-V transfer, for molecules other than HF, will require one to two orders of magnitude of increased sensitivity for observation of IR emission, so that the reagent concentrations can be reduced to avoid the problem of rapid vibrational relaxation by the parent reagent.
An alternative approach would be to increase the 0(a) concentration with suppresslon of both the 0 of 0 2 (a). However, the very small 0 2 (a) quenching rate constants by most simple molecules make state-to-state studies intrinsically difficult.
In addition to the state-to-state quenching studies with halogen halides, quenching rate constants for 0 2 (a) and 0 2 (b) by numerous other small molecules were measured. The quenching rate constants for 0 2 (a) by CF 3 NO is unusually large and an E-E mechanism is suspected.
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